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Introduction
The liver has the unique ability to regenerate after partial hepatectomy (PH) or liver injury in order to recover any loss in the volume of parenchymal cells, and this process is reconstituted, efficient and well regulated [1] . PH was previously reported to induce compensatory hyperplasia in the remnant lobe and restored the liver mass within 10 days in mice [2, 3] . During the regeneration period, hepatocytes complete cell proliferation but retain normal cellular functions. Tumor necrosis factor (TNF)-a and interleukin (IL)-6 act as key factors in the initiation of regenerative responses after PH during the early phase of regeneration in studies using anti-TNF-a antibodies and mice lacking TNFR-1 or IL-6 [4, 5] . In TNFR-1 and IL-6 knockout mice, a single injection of IL-6 at the same time as PH enhanced the activation of STAT3 and liver regeneration was restored [4, 5] .
Platelets have a convex disc structure with an equatorial diameter of 2-3 lm and no nucleus. In the cytosol, platelets possess three types of secretory granules: (i) alpha granules, (ii) dense granules and (iii) lysosomal granules. Each granule contains soluble factors including platelet-derived growth factor (PDGF), hepatocyte growth factor (HGF), insulin-like growth factor-1 (IGF-1), vascular endothelial growth factor (VEGF), serotonin, adenosine diphosphate (ADP), adenosine tri-phosphate (ATP), epidermal growth factor (EGF) and transforming growth factor beta (TGF-b) [6] [7] [8] . Activated platelets release these soluble factors, which then exert various effects depending on specific attributes [9] [10] [11] . A previous study reported that the main physiological role of circulating platelets is hemostasis [9] . Alternatively, because platelets interact with endothelial cells in the early phase after injury or hepatectomy, they also affect the initiation of liver regeneration [12] .
C-type lectin receptors (CLECs) are crucially involved in cell adhesion, endocytosis and pathogen recognition [13, 14] . CLEC-2 was identified as a receptor for the platelet-activating snake venom, rhodocytin, by Suzuki-Inoue et al. [15] . A recent study reported that CLEC-2 plays important roles in thrombosis/hemostasis, tumor metastasis and lymphangiogenesis based on the following findings: (i) thrombus formation was inhibited in CLEC-2-deficient mice in vivo and in vitro [16] , (ii) podoplanin, which is an endogenous ligand for CLEC-2, is expressed on the surface of tumor cells and facilitates tumor metastasis by inducing platelet aggregation [17, 18] , and (iii) lymphatic vessel pattern formation is absent in podoplanin-deficient mice [19] . Thus, the roles of CLEC-2 in thrombosis/hemostasis, tumor metastasis and lymphangiogenesis have been investigated in detail; however, its involvement in hepatic regeneration after PH remains unclear. Therefore, the specific aim of the present study was to elucidate the role of CLEC-2 in liver regeneration following PH. The expression of podoplanin after PH was also examined.
Materials and methods

Treatment of animals
All animals used in this study were 8-to 10-week-old male mice (total number of animals used, 336).
Mice (C57BL/6) were intraperitoneally administered clopidogrel (CLOP) (50 lg per animal per day) in order to inhibit the function of platelets for 5 days following PH (n = 6). No pathological findings were observed after the administration of CLOP, as reported previously [12] . (flKO) chimera mice were generated in the Department of Clinical and Laboratory Medicine, Faculty of Medicine, University of Yamanashi. The deletion efficiency of CLEC-2 in platelets from PF4-Cre/CLEC-2 flox/flox mice was assessed in a flow cytometric analysis. The expression of adhesion molecules specific for CLEC-2 was deleted on platelets from PF4-Cre/CLEC-2 flox/flox mice. CLEC-2 À/À and PF4-Cre/CLEC-2 flox/flox mice were generated and genotyped as described previously [20, 21] . Briefly, CLEC-2 flox/+ mice were generated using a targeting vector designed so that part of exon 1 flanked by two loxP sites was deleted by the expression of the Cre protein. We crossed a Clec-2 flox/+ mouse with a mouse that systemically expresses Cre recombinase in order to generate Clec-2 À/À mice. We also crossed a Clec-2 flox/+ mouse with a PF4-Cre transgenic mouse that specifically expresses Cre recombinase in platelets/megakaryocytes in order to generate PF4-Cre/CLEC-2 flox/+ mice. These mice were crossed to generate PF4-Cre/ CLEC-2 flox/flox mice that have CLEC-2 specifically deleted from platelets. These mice were crossed to generate PF4-Cre/CLEC-2 flox/flox mice that have CLEC-2 specifically deleted from platelets.
Because CLEC-2-null mice are embryonic/neonatal lethal, CLEC-2-deficient irradiated chimeric mice were generated as described previously [20, 21] . Briefly, adult C57BL/6 male mice were subjected to irradiation with 500 rads from a 60 Co source twice at 3-h intervals. These mice were then rescued by an intravenous injection of 1 9 10 6 fetal liver cells from CLEC-2 +/+ (WT) or CLEC-2 À/À chimera (KO) embryos at E14.5-E15.5. PF4-Cre/CLEC-2 flox/flox chimera mice were generated using fetal liver cells from PF4-Cre/CLEC-2 flox/flox or PF4-Cre/ CLEC-2 flox/flox embryos, where indicated. Reconstituted mice were used in experiments no sooner than 7 weeks after irradiation. Platelet numbers were counted several days before the experiments so that their counts were the same between WT and CLEC-2 chimeras. A previous study already confirmed that only the response of platelets to the exogenous CLEC-2 ligand rhodocytin was abolished, whereas the responses to other agonists remained normal in CLEC-2-deficient mice [21] . Furthermore, the aggregation of platelets was only inhibited by the exogenous CLEC-2 ligand rhodocytin, and coagulation tests were normal in PF4-Cre CLEC-2 fl/fl chimeric mice. The expression of CLEC-2 was not deleted in nonparenchymal cells such as the Kupffer cells isolated from PF4-Cre/CLEC-2 flox/flox mice (data not shown). All animals received humane care and the study protocols were approved by the Committee of Laboratory Animals at the University of Yamanashi according to institutional guidelines (protocols #A24-17, #A24-67 and #26-2).
Surgical procedure and collection of samples Platelet numbers were counted prior to experiments and no significant differences were observed among the groups studied. Mice underwent 70% PH as previously described by Higgins and Anderson with anesthesia using ketamine (100 mg kg À1 , administered intraperitoneally) and xylazine (10 mg kg À1 , administered intraperitoneally) (n = 6 in each group) [22] . Under anesthesia using ketamine (100 mg kg À1 , administered intraperitoneally) and xylazine (10 mg kg
À1
, administered intraperitoneally), animals were sacrificed at the designated time-points after PH and relative liver weights were calculated as the actual liver weight/body weight ratio.
Liver tissues were harvested and divided into two specimens: one aliquot was fixed in 10% buffered formalin for subsequent histological and immunohistological analyses and the other was snap-frozen in liquid nitrogen. Blood samples were collected via the portal vein, centrifuged (1000 9g, 10 min) for the collection of plasma, and then stored at À80°C.
Evaluation of hepatocyte proliferation by immunohistochemistry
Formalin-fixed, paraffin-embedded tissue specimens were cut into 4-lm-thick sections. Each section was mounted on a silane-coated glass slide, deparaffinized and incubated in antigen retrieval solution at 95°C for 20 min (pH 6.0 or 9.0; Dako, Carpentaria, CA, USA). Immunoperoxidase staining was performed using a Vectastain ABC elite kit (Vector Laboratories, Burlingame, CA, USA) and 3, A software-assisted quantification method was used to analyze the proliferative propensity of parenchymal cells. Stained slides were recorded using digital microscopy (BZ-X700; KEYENCE, Osaka, Japan), applying Z-stack technology to improve the quality of images. The number of stained cells per section was quantified and standardized (250 000 lm 2 ) using the measurement module BZ-H3C (Hybrid Cell Count Vers. 1. 1; KEYENCE). The positive nuclei (50 lm 2 of area as the threshold) were counted to exclude the positive nuclei of non-parenchymal cells [23] .
Immunohistochemistry for the endogenous CLEC-2 ligand podoplanin, sinusoidal endothelial cells and platelets in the liver Staining was performed following the protocols described for Ki-67 staining. Serial liver sections were incubated with an anti-podoplanin mouse monoclonal antibody (RTD4E10, Abcam; 1 : 200) or anti-sinusoidal endothelial cell antibody (SE-1, Novus Biologicals, Littleton, CO, USA; 1 : 100) at 4°C overnight. Anti-CD42b antibodies were used (0.N.114; Abcam) to detect activated platelets. Slides were incubated with an anti-CD42b mouse monoclonal antibody (1 : 100) at room temperature for 10 min. Randomly selected fields of immunostained liver sections were analyzed by light microscopy to evaluate expression.
RNA isolation and real-time reverse-transcription polymerase chain reaction RNA was isolated using an RNeasy kit (Qiagen, Germantown, MD, USA) according to the manufacturer's protocol. Total RNA (10 lg) was reverse transcribed using random primers and the high capacity cDNA archive kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's protocol.
The following Taqman (Applied Biosystems) gene expression assays were used for quantitative real-time PCR: TNF-a (Mm00443258_ml), IL-6 (Mm00446190_m1) and 18s rRNA (4310893E). Each reaction contained 2 lL of a cDNA template, 18.0 lL of RNase-free H 2 O, 2.5 lL of a TaqMan gene expression assay primer and 25 lL of TaqMan universal PCR master mix (Applied Biosystems). Reactions were processed for 1 cycle at 50°C for 2 min and at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and at 60°C for 1 min on the AB 7500 Real-Time PCR System (Applied Biosystems). The cycle threshold (Ct) for each sample was assessed from the linear region of the amplification plot. The DCt value for TNF-a and IL-6 relative to the control gene 18s rRNA was evaluated. DDCt values were calculated using treated group means relative to control group means. Fold change data were calculated from DDCt values.
Evaluation of expression of serotonin and VEGF by ELISA
Snap frozen liver samples (~30 mg) were homogenized in radioimmunoprecipitation assay buffer with freshly added protease inhibitors (dithiothreitol, leupeptin and aprotinin) using a sonication method and then centrifuged at 27 000 9 g at 4°C for 20 min. The supernatant was collected and protein concentrations were measured using the Bradford Protein Assay (Bio-Rad, Hercules, CA, USA) and then standardized (1 lg lL À1 ). Standardized protein extracts (100 lg per well) were used in the ELISA assay. Plasma serotonin levels and the expression of tissue serotonin (the clone is not disclosed due to ownership, Abcam) and VEGF (the clone is not disclosed due to ownership, Abcam) were measured using ELISA kits.
Immunoblotting
A standardized liver protein extract (50 lg of protein, 1 lg lL À1 ) was separated on SDS-PAGE gels and transferred to a nitrocellulose membrane (Millipore, Bedford, MA, USA). Immunoblots were developed using polyclonal antibodies against phosphotyrosine (D3A7)/total (79D7) activator of transcription 3 (STAT3) (1 : 1000), phosphoserine (Ser473)/total (C67E7) Akt (1 : 1000), phospho (Thr202/Thr204)/total (137F5) extracellular signal-regulated protein kinase (ERK) 1/2 (1 : 1000), gp130 (1 : 100), IL-6 (D5W4V, 1 : 100), phospho (D29B3)/total (92G2) cyclin D1 (1 : 1000) and b-actin (13E5, 1 : 100), which were purchased from Cell Signaling Technology (Cell Signaling Technology, Beverly, MA, USA). Secondary goat and mouse antibodies conjugated with horseradish peroxidase were purchased from Abcam. The chemiluminescent signal was quantified with the densitometric software Fujifilm Image Gauge (Fujifilm, Tokyo, Japan).
Statistical analysis
Data are expressed as the mean AE SE. ANOVA with Bonferroni's post-hoc test or the Student's t-test was used to assess the significance of differences where appropriate. A P value less than 0.05 was selected before the study as the level of significance.
Results
Evaluation of liver regeneration after PH
The liver/body weight ratio was calculated to evaluate liver regeneration after PH (Fig. 1) . The liver/body weight ratio gradually recovered to that before PH in the WT group in 7 days. Furthermore, this ratio was significantly lower in the CLOP, KO and flKO groups than in the WT group from 48 h to 5 days after PH. No significant differences were observed in the liver/ body weight ratio among these groups 10 days after PH, suggesting that hepatic regeneration after PH took longer in the CLOP, KO and flKO groups than in the WT group.
Evaluation of the proliferation of hepatocytes after PH
Immunohistochemical staining for BrdU, PCNA and Ki67 was performed on the liver in order to evaluate the proliferation of hepatocytes (Fig. 2) . The number of BrdU-positive cells markedly increased in the WT group 48 and 72 h after PH ( Fig. 2A) . By contrast, this number was significantly lower in the CLOP, KO and flKO groups than in the WT group 48 and 72 h after PH. Furthermore, the number of PCNA-positive cells also markedly increased in the WT group 48 h after PH (Fig. 2B) . By contrast, it was significantly lower in the CLOP, KO and flKO groups than in the WT group 48, 72 and 120 h after PH. The number of Ki67-positive cells markedly increased in the WT group 48 h after PH (Fig. 2C) , but was significantly lower in the CLOP, KO and flKO groups than in the WT group 48 and 72 h after PH. Thus, the expression of all cell proliferation markers examined was significantly lower in the CLOP, KO and flKO groups.
Evaluation of TNF-a and IL-6 mRNA expression in the liver after PH
The mRNA expression of TNF-a markedly increased 1 h after PH in the WT group (Fig. 3A) . By contrast, its expression was significantly weaker in the CLOP, KO and flKO groups than in the WT group 1 and 2 h after PH. The mRNA expression of IL-6 markedly increased 2 h after PH in the WT group (Fig. 3B) , but was significantly weaker in the CLOP, KO and flKO groups than in the WT group 2 h after PH.
Expression of cyclin D1 in the liver after PH
The results of the immunoblotting analysis revealed that the expression of cyclin D1 increased 24 h after PH in the WT group (Fig. 4) . By contrast, it was significantly weaker in the flKO group than in the WT group. Expression of the CLEC-2 ligand podoplanin in the liver after PH
Immunohistochemistry was performed to evaluate the expression of the CLEC-2 ligand podoplanin in the liver after PH (Fig. 5) . Podoplanin-positive cells were detected on lymphatic vessels as previously reported (data not shown). In serial liver sections, positive cells were consistent with sinusoidal endothelial cells (Fig. 5A ). In the WT group, the expression of podoplanin was detected in hepatic sinusoids 0 and 6 h after PH. Its expression then significantly decreased at 18 h after PH, and recovered 96 h after PH (data not shown). The expression of podoplanin was also detected to the same extent in hepatic sinusoids in the flKO group.
The hepatic protein expression of podoplanin was also detected by ELISA in the flKO and WT groups before PH (Fig. 5B) . Its expression significantly increased in both groups at 6 h after PH, decreased at 12 and 18 h after PH and then slightly recovered 36 h after PH.
Distribution of activated platelets in the liver after PH
The number of platelets that aggregated was counted in a 250 000-lm 2 area in five different fields. The aggregation of platelets was detected 6 h after PH in the WT group (Fig. 6A) . On the other hand, the extent of aggregation was significantly less in the flKO group at the same timepoint. As a result, the number of aggregated platelets was significantly lower in the flKO group than in the WT group (Fig. 6B) .
Plasma serotonin levels after PH
Plasma serotonin levels were similar in the WT and flKO groups before PH (Fig. 6C) . Its levels decreased gradually in the WT group after PH, with the lowest level being 70 ng mL À1 72 h after PH. Plasma serotonin levels were significantly lower in the flKO group than in the WT group at same time-point after PH. 
Hepatic protein expression of serotonin and VEGF after PH
The expression of serotonin was minimal in the WT and flKO groups before PH (Fig. 6D) . Its expression increased markedly in the WT group after PH, with a peak level of approximately 30 ng mL À1 mg À1 protein being reached 12 h after PH. On the other hand, its expression was significantly lower in the flKO group at same time-point after PH. The expression of VEGF was minimal in the WT and flKO groups before PH (Fig. 6E) . Its expression gradually increased in the WT group after PH, with a peak level of 25 pg mL À1 mg À1 protein being reached 36 h after PH.
By contrast, VEGF levels were significantly lower in the flKO group than in the WT group 24 h after PH.
Evaluation of the expression of phosphorylated/total Akt, ERK, Stat3 and IL-6 in the liver after PH by immunoblotting
The hepatic protein expression of phosphorylated (p)Akt and pERK1/2 was detected in the WT and flKO groups, but was not significantly different (Fig. 7) . The expression of pSTAT3 was significantly stronger in the WT group than in the flKO group. No significant difference was observed in the expression of the IL-6 receptor gp130 between the WT and flKO groups; however, the expression of IL-6 was significantly stronger in the WT group than in the flKO group (Fig. 8) . 
Discussion
Role of platelets in liver regeneration after hepatectomy
Platelets play a key role in the inflammatory response after organ injury as well as the coagulation reaction [24] . In the liver, platelets cooperate with leukocytes in response to ischemia/reperfusion and induce them to adhere to vascular endothelial cells, thereby enhancing hepatocyte injury [25] . Ischemia/reperfusion also simultaneously induces the activation of hepatic macrophages, leading to further damage to endothelial cells and hepatocytes [26] . Alternatively, platelets play an important role in liver regeneration. In a mouse liver regeneration model, thrombocytopenia or impaired platelet function resulted in the failed initiation of hepatocyte proliferation. In previous studies, PH was performed on animals in which platelet function was inhibited by clopidogrel [27] or depleted by busulfan [28] in order to investigate the roles of platelets and products derived from platelets in liver regeneration. In animals treated with two chemicals, liver regeneration was significantly impaired after PH. In the present study, clopidogrel also impaired liver regeneration ( Figs. 1 and 2) , which is consistent with previous findings. Moreover, after PH, the aggregation of platelets and serotonin levels in the plasma and liver were markedly greater in the WT group than in the flKO group after PH (Fig. 7) . Importantly, in WT mice, VEGF, which is involved in IL-6 signaling, also gradually increased in the liver after PH. Thus, platelets play an important role in liver regeneration after PH, as previously reported [12] .
Activation of intracellular signaling cascades after hepatectomy
The proliferation of hepatocytes requires two sequential phases: a priming phase and progression phase [2, 4, 5] . Signaling pathways and/or proteins including AP-1, nuclear factor (B, signal transducer and activator of STAT3 and ERK are involved in the priming phase [1, [29] [30] [31] . Furthermore, phosphatidylinositol 3-kinase (PI3K)/Akt is also rapidly activated after hepatectomy and plays an important anti-apoptotic role during liver regeneration [32] . In the present study, ERK, Akt and STAT3 were also phosphorylated in the WT and flKO groups after PH (Fig. 7) . During the progression phase, hepatocytes express various cell cycle proteins that organize the replication process, including cyclin D1 [33] and cyclin E [34] , various growth factors including hepatocyte HGF [35] and EGF [35] , and inflammatory cytokines including TNF-a [2, 4] and IL-6 [5] . Consistent with previous findings, the hepatic expression of cyclin D1, TNF-a and IL-6 also increased after PH in the WT group in the present study (Figs. 3, 4 and 7) . Furthermore, the hepatic expression of VEGF and serotonin and plasma serotonin levels also increased in the WT group after PH (Fig. 7) . Thus, the induction of various cytokines and growth factors occurs during liver regeneration.
Role of CLEC-2 and podoplanin in liver regeneration after hepatectomy
In the present study, liver regeneration was significantly impaired in CLEC-2-deficient mice ( Figs. 1 and 2) . Because no significant differences were observed in the function of platelets between the WT and flKO groups [36] , delayed liver regeneration in the flKO group was not a result of a dysfunction in platelets. Alternatively, podoplanin has been identified as an endogenous ligand of CLEC-2. In the present study, podoplanin was detected in hepatic sinusoids in the early phase after PH (Fig. 5) . Furthermore, the aggregation of platelets was also observed in hepatic sinusoids 6 h after PH (Fig. 6) , and the number of aggregated platelets was significantly lower in the flKO group than in the WT group (Fig. 6) . A previous study reported that platelet-derived serotonin is involved in liver regeneration after PH [12] . Therefore, plasma and hepatic serotonin levels were investigated in the present study. The results obtained showed that hepatic serotonin levels increased after PH in the WT group. By contrast, in the early phase after PH, serotonin levels were significantly lower in the flKO group (Fig. 6D) . Furthermore, plasma serotonin levels were decreased in the WT and flKO groups after PH; however, plasma serotonin levels 6 h after PH were significantly greater in the WT group than in the flKO group (Fig. 6 ). Because the expression of podoplanin is consistent with SE-1-positive cells in hepatic sinusoids, an interaction may occur between sinusoidal endothelial cells and platelets via the platelet-activating receptor CLEC-2 and its ligand podoplanin in the early phase after PH. Two signaling cascades have been linked to platelets during the proliferation of hepatocytes [37] . One is that platelets make direct contact with hepatocytes and induce hepatic proliferation. Akt and ERK signaling are involved in this cascade. In the present study, no significant differences were observed in the expression of pAKT or pERK between the WT and flKO groups after PH (Fig. 7) . The other signaling cascade is that platelets make contact with sinusoidal endothelial cells and indirectly induce hepatic proliferation. STAT3 and IL-6 signaling are involved in this cascade. IL-6 binding has been shown to dimerize the corresponding receptor and activate intracellular tyrosine kinase, which phosphorylates gp130 and creates a binding site for STAT3 [38] . STAT3 has been detected in the early phase after PH [1] , which is consistent with the results of the present study (Fig. 7) . Furthermore, the expression of gp130 was similar in the WT and flKO groups (Fig. 8) . Phosphorylated STAT3 is known to be translocated to the nucleus, in which it promotes the expression of cyclin D1 and p21 to control the progression of the cell cycle [29, 39] . A previous study reported that hepatic proliferation was significantly suppressed after PH in STAT3-knockout mice [32] . Furthermore, the expression of IL-6 and pSTAT3 as well as hepatic proliferation was inhibited in the flKO group in the present study (Figs. 3 and 7) . Thus, STAT3 plays a pivotal role in the fundamental mechanism underlying liver regeneration in association with platelets. These results suggest that the interaction between sinusoidal endothelial cells and platelets is the principal cascade involved in CLEC-2-related liver regeneration following PH.
In conclusion, we herein demonstrated that CLEC-2 plays a pivotal role in liver regeneration and attribute CLEC-2-related regeneration to the interaction between podoplanin expressed on sinusoidal endothelial cells and platelets.
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